The synthesis of intracellular measles virus proteins in persistently infected human cell cultures was studied. The virus-induced proteins were analysed after radioimmunoprecipitation by one-and two-dimensional polyacrylamide gel electrophoresis. The measles virus-induced nucleoprotein (NP) synthesized in persistently infected cells had a reduced binding capacity with measles virus antibodies (human convalescent serum) compared to the NP protein induced by the virus used to initiate the infection. In contrast, monospecific rabbit serum prepared against the original virus NP, or monoclonal anti-NP antibodies, precipitated NP proteins from acutely and persistently infected cells with equal efficiency. When the NP in acutely or persistently infected cells was labelled with either 1"C-or 3H_amino acids and subjected to two-dimensional gel analysis, significant charge differences were observed between the virus proteins. When measles virus-infected cells were examined for virus protein synthesis at 40 °C, although no change was found in acutely infected cells, NP was not detected in the persistent infection.
The synthesis of intracellular measles virus proteins in persistently infected human cell cultures was studied. The virus-induced proteins were analysed after radioimmunoprecipitation by one-and two-dimensional polyacrylamide gel electrophoresis. The measles virus-induced nucleoprotein (NP) synthesized in persistently infected cells had a reduced binding capacity with measles virus antibodies (human convalescent serum) compared to the NP protein induced by the virus used to initiate the infection. In contrast, monospecific rabbit serum prepared against the original virus NP, or monoclonal anti-NP antibodies, precipitated NP proteins from acutely and persistently infected cells with equal efficiency. When the NP in acutely or persistently infected cells was labelled with either 1"C-or 3H_amino acids and subjected to two-dimensional gel analysis, significant charge differences were observed between the virus proteins. When measles virus-infected cells were examined for virus protein synthesis at 40 °C, although no change was found in acutely infected cells, NP was not detected in the persistent infection.
A number of viruses have been shown to undergo biological modifications during the course of persistence. These changes involve variation in antigenicity, cytopathogenicity, temperature sensitivity, etc., and are likely to be due to underlying, continuously evolving viral mutations (Holland et al., 1979) . RNA viruses undergo a high mutation frequency because of an absence of RNA proof-reading enzymes (Holland et al., 1982) . Measles virus, a paramyxovirus associated with the rare neurological disease subacute sclerosing panencephalitis (SSPE), has been extensively studied because of its ability to give rise to persistent infections. Most of the studies have highlighted the role of the matrix (M) protein in defective viral maturation, namely (i) selective lack of synthesis of M protein (Hall & Choppin, 1979) , (ii) increased degradation rate or a defect in accumulation of M protein (Roux & Waldvogel, 1982; Sheppard et al., 1985; Young et al., 1985) or (iii) structural changes of M protein presumably associated with viral mutations (Wechsler et al., 1979b; Wild et al., 1979; Carter et al., 1983) . However, these observations offer only a partial explanation for measles virus persistence, since in several persistently infected (p.i.) systems, synthesis of all virus proteins, including M protein, was detectable (Rozenblatt et al., 1979 a; Rentier et al., 1981 ; Carter et al., 1983) . In these cases, nonbudding measles nucleocapsids were found misaligned within the cell (Knight et al., 1973; Dubois-Dalcq et al., 1976) and possessed an altered conformation (Rozenblatt et al., 1979b) . These findings suggest that other virus proteins, such as the nucleoprotein (NP), might also be involved in the evolution of a measles virus persistence. In the present study we have examined the changes in the NP protein occurring during long-term measles virus persistence in cell culture.
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A persistent infection was established in HEp-2 cells with the (Andzhaparidze et al., 1982) led to virus-induced syncytium formation and cell destruction, but only occasionally could infectious virus be isolated and further amplified.
Initially, we compared the viral polypeptides synthesized in p.i. and acutely infected cells by means of radioimmunoprecipitation and one-dimensional polyacrylamide gel electrophoresis (SDS-PAGE). Acutely infected or p.i. cell monolayer cultures in 100ml glass flasks (Rasotherm, Jena, G.D.R.) were incubated for 1 h in methionine-deficient medium and subsequently radiolabelled in the same medium containing 4 MBq/ml [35S]methionine (sp. act. 10 GBq/mmol; Isotop, Tashkent, U.S.S.R.). Acutely infected cells were labelled at the start of syncytium formation (48 h post-infection). After a 1 h labelling period, cells were washed with isotonic saline and dissolved in 1 ml lysis buffer [0.15 M-NaC1, 1 ~o sodium deoxycholate, 1 Triton X-100, 0-1~o SDS, 10mM-Tris-HC1 pH7.8 (Wechsler et al., 1979a) ], plus 2mM-phenylmethylsulphonyl fluoride (PMSF). One ml samples of labelled cell lysates were immunoprecipitated using Protein A-Sepharose as described by Roux & Waldvogel (1982) ; all buffers contained 2 mM-PMSF. A convalescent measles serum which contained antibody against all the measles virus proteins, a monospecific anti-NP serum, or monoclonal antibodies were used as a source of antiviral antibodies. Anti-NP serum was obtained by immunization of rabbits with NP polypeptide of the original measles virus as described by Orvell & Norrby (1980) . Anti-NP monoclonal antibodies (nos. 25, 105 and 120) were obtained and characterized previously (Giraudon & Wild, 1981) . All sera were positive for measles virus antigen(s) as judged by immunofluorescence, and the convalescent serum was positive in a haemagglutinationinhibition test (titres 1:512 to 1:1024). After immunoprecipitation the pellets were lysed in sample electrophoresis buffer, adjusted to contain equivalent amounts of radioactivity and subjected to SDS-PAGE as described previously (Andzhaparidze et al., 1982) . Fig. 1 shows the results of immunoprecipitation of [35S]methionine-labelled virus proteins from acutely and persistently infected cells. Human convalescent serum precipitated all major measles virus proteins in the acutely infected cells: H (76K), P (70K), NP (60K) and M (37K). Several additional proteins which migrated between NP and M were often detected (Rozenblatt et al., 1979a; Wechsler et al., 1979a ), but could not be readily identified. Serum negative for measles virus antibodies did not precipitate any of the bands observed with the virus-specific serum (not shown).
The quantity of virus-induced proteins immunoprecipitated from p.i. cells by human convalescent serum was greatly reduced in comparison to acutely infected cells (Fig. 1) . The reduced amount of NP precipitated was particularly striking and was consistently observed, although the extent of the reduction varied with different convalescent sera. However, this phenomenon appeared not to be due to reduced synthesis of NP in p.i. cells since anti-NP serum (Fig. 1) or monoclonal antibodies against NP (not shown) precipitated this protein with equal efficiency from both acutely infected and p.i. cells. The NP monospecific serum also precipitated small amounts of a lower molecular weight protein (45K), which might represent an NP degradation product or, more likely, co-precipitation of a cellular protein, e.g. actin. The reduced precipitability of NP from p.i. cells was not host cell-dependent, as it was also observed with HEp-2 cells acutely infected with virus rescued from the p.i. (not shown). Wechsler et al. (1979a) have demonstrated a prozone effect in the precipitation of the NP protein by human convalescent sera. To ascertain whether the reduced precipitability of NP from HEp-2 p.i. cells could be due to antibody excess, dilutions (up to 1 : 100) of human convalescent serum were used to immunoprecipitate the virus antigens. Reduced amounts of NP were always precipitated from the p.i. cultures compared to the acute infections. 
1981
These results suggest that the differences in antibody binding between the original and persistent virus NP might be due to antigenic changes of NP molecules from p.i. cells. Such changes may not influence NP interactions with anti-NP monospecific serum, which might contain additional antibodies recognizing antigenic determinants normally hidden within the molecule. These determinants could be exposed by SDS denaturation of NP polypeptide during its purification by electrophoresis.
Since we were unable to show mobility differences between the NPs of original and persistent viruses by one-dimensional SDS-PAGE (Fig. 1) , we compared these two proteins by means of two-dimensional gel analysis. The p.i. cells were labelled with a mixture of three 14C-amino acids (phenylalanine, leucine and valine) and acutely infected L-41 or HEp-2 cells were labelled with a mixture of the same 3H-labelled amino acids (1 MBq of each per ml) as described for 35 S labelling. NP proteins were isolated by immunoprecipitation with anti-NP monospecific serum, or with anti-NP monoclonal antibodies. The precipitates were divided into two aliquots; one was lysed in sample electrophoresis buffer, the other in electrofocusing buffer. Equivalent amounts of 3H and 14C (approx. 3 x 105 c.p.m.) were mixed and electrofocused [nonequilibrium pH gel electrophoresis (NEPHGE) type] as described by O'Farrell et al. (1977) . The samples were then electrophoresed in the second dimension in 10 ~ acrylamide gels as described previously (Andzhaparidze et al., 1982) .
After SDS-PAGE, gels were impregnated with 1 M-sodium salicylate (Chamberlain, 1979) , dried and subjected to two-step autoradiography (Scoggin et al., 1981) , first at room temperature to visualize 14C-labelled peptides, and then at -70 °C to reveal 3H-labelled (along with 14C-labelled) peptides. After 2 days exposure at room temperature only 14C-labelled NP protein was visible, whereas 3H-labelled NP was barely detectable. A 10 day exposure at -70 °C revealed both ~4C-and 3H-labelled NP polypeptides. Thus, the two-step autoradiography can be used to discriminate between ~4C and 3H in double-label experiments.
A typical pattern of two-dimensional separation is shown in Fig. 2 . The distribution of 3H (original virus NP) and 14C (persistent virus NP) radioactivity demonstrated significant differences in isoelectric points between these two NP proteins. The original measles virus NP occupied the middle (neutral) part of electrofocusing gel at a pH value of approx. 7-2. Recently Kohama et al. (1985) reported that measles NP was broadly distributed between pH 6 and 7. However, they used a non-denaturing electrofocusing gel system. When a pH gradient is measured in urea, the apparent pH cannot be compared directly with that obtained in normal aqueous solution (Gelsema et al., 1979) . Conformational changes in the structure of the protein can give rise to a change in surface charge, and hence pI.
In contrast to original measles virus NP, persistent virus NP protein was consistently found to migrate to the acid region of the gel (Fig. 2) . Similar results were obtained with both monospecific polyclonal and monoclonal anti-NP antibodies (Fig. 2) . To ascertain whether either of the two differently labelled NP spots contributed to the other, NP proteins from acutely infected and p.i. cells were subjected to two-dimensional gel analysis separately. Fig. 2 shows that 14C-NP from p.i. cells formed only one spot with the same characteristic acid charge change. Likewise, the 3H-NP of original virus did not migrate to the region of the persistent NP.
The change in the pI of the NP protein during persistence is presumably due to mutations within the NP gene. It is now recognized that most, if not all RNA viruses have high mutation frequencies, and that the reduced selection pressures in a persistent infection favour their evolution (Holland et al., 1982) . However, it is a rare mutation which results in an antigenic alteration detectable with polyclonal (Holland et al., 1982) or monoclonal (Prabhakar et al., 1983; Carter et al., 1983; Sheshberadaran et al., 1985) viral antibodies. In SSPE, in which measles virus mutations are strongly implicated, no specific markers of variant viruses have been found (for review, see Rima, 1983) , suggesting a lack of specific mutations responsible for measles virus persistence in vivo. Despite the numerous comparisons made between SSPE and measles viruses (for review, see Rima, 1983) , cell culture studies have provided scanty evidence of measles virus antigenic changes during persistence. Robbins & Rapp (1981) reported the emergence of antigenic virus variants early in the establishment of persistent infection. Recently, Sheshberadaran et al. (1985) using a panel of monoclonal antibodies found epitope variations in persistent measles virus proteins including the NP. We have observed no differences in anti-NP monoclonal antibody binding to persistent measles virus nucleoprotein even though the three antibodies used recognize non-overlapping epitopes on NP molecules (Giraudon & Wild, 1981) . A more extensive panel of anti-NP antibodies may reveal epitope alterations in the persistent measles virus NP. However, despite the absence of epitope variations in persistent NP, the latter had an altered binding capacity with polyclonal antibodies from convalescent sera, thus suggesting conformational rather than sequential alterations of the NP molecule. Although at present we cannot definitely conclude that the altered antibody binding and the charge change of p.i. NP molecules are related, this possibility is a likely explanation for both phenomena.
The nature of the protein charge change might be a mutation that substitutes a charged amino acid residue for an uncharged one, or vice versa. Not all mutations cause charge changes, but according to the genetic code approximately one-third of all the possible nucleotide substitutions that alter codon usage do lead to a change of charge (Singer et al., 1978) . (1977) . Samples (30 ~tl) in 9.5 N-urea, 0-1 M-dithiothreitol, 2% NP40 and 2~ ampholytes were subjected to NEPHGE at 500 V for 4 h. The extruded first-dimension gels were incubated in 0.0625 M-Tris-HC1 pH 6.8, 2~ SDS, 0.1 M-dithiothreitol, 20~ glycerol at room temperature for 15 min before freezing in the same buffer at -20 °C. After thawing at 37 °C, the gels were electrophoresed in the second dimension in 10~ acrylamide gels (Andzhaparidze et al., 1982) . Spots represent electrofocused proteins; bands represent the corresponding NP marker polypeptides run in adjacent lanes in the same gel solely in the second dimension. (a) 3H-NP from acutely infected L-41 cells plus 14C-NP from HEp-2 p.i. ; (b) 14C-NP from HEp-2 p.i. cells; (c) 3H-NP from acutely infected HEp-2 cells plus 14C-NP from HEp-2 p.i. cells; (d) 3H-NP from acutely infected HEp-2 cells (and ~C-methylated protein markers, mol. wt. x 10-3). The pH gradient in the NEPHGE gels was estimated by measuring the pH of eluted ampholytes with a Radiometer pH meter as follows. The extruded first-dimension gels electrophoresed with sample buffer only were cut into 2 cm segments which were placed into Eppendorf tubes containing 1 ml doubledistilled deaerated water; the tubes were purged with nitrogen, sealed, and incubated at room temperature overnight before measurement of the pH. The consequences of mutations in the major virus protein, NP, might be many. For instance, acidic proteins tend to be degraded faster than neutral or basic ones (Dice & Goldberg, 1975) , thus rendering persisting NP particularly sensitive to environmental factors such as higher temperature. To test this hypothesis, we compared virus protein synthesis in acutely and persistently infected cells after the temperature had been raised to 40 °C (Fig. 3) . In the acutely infected cells, all the virus proteins were synthesized at 40 °C. However, in the persistently infected cells, the NP polypeptide could not be detected at the higher temperature. Thus, either its synthesis is blocked at 40 °C or its more acidic form is degraded more rapidly. Mutations accumulating in one protein may select or allow mutations in the other proteins which were not previously possible. Rowlands et al. (1980) have presented evidence for all five structural proteins of vesicular stomatitis virus being altered in the course of persistence, and this seems also to be true for measles virus persistent infection (Sheshberadaran et al., 1985) . Further studies are now in progress to clarify whether other measles virus proteins have charge changes, and whether these changes play a role in maintenance, or are merely consequences of viral persistence.
